Abstract. The transplantation of neural stem cells (NSCs) has been demonstrated as a potential treatment strategy for traumatic brain injury (TBI). Cu,Zn-superoxide dismutase (SOD1) is an important antioxidant enzyme that detoxifies intracellular reactive oxygen species, thereby protecting cells from oxidative damage. PEP-1, a peptide carrier, is able to deliver full-length native peptides or proteins into cells. Therefore, the current study investigated the effect of the transplantation of NSCs in combination with PEP-1-SOD1 for the treatment of experimental TBI in rats. Initially, the effect of PEP-1-SOD1 on the proliferation of NSCs was evaluated by MTT assay. PEP-1-SOD1 (0.5, 2.5 and 4.5 µM) significantly increased the proliferation rates of NSCs at 24, 48 and 72 h in a dose-dependent manner. PEP-1-SOD1 also promoted the differentiation of NSCs in vitro. The in vivo experiment showed that PEP-1-SOD1 in combination with NSC transplantation significantly improved the functional recovery of rats following TBI compared with NSC transplantation alone. A significant increase in brain aquaporin-4 (AQP4) mRNA and protein expression levels was observed 4 days post-TBI in PEP-1-SOD1, NSCs and PEP-1-SOD1 + NSCs groups compared with the saline group. The PEP-1-SOD1 + NSCs group showed a further increase of AQP4 mRNA and protein expression levels compared with the NSCs and PEP-1-SOD1 groups. In conclusion, the current data suggests that PEP-1-SOD1 may promote the proliferation and differentiation of NSCs, and thereby improve the functional recovery of TBI model rats following NSCs transplantation through upregulating the expression of AQP4.
Introduction
Traumatic brain injury (TBI) has a high incidence rate worldwide, and results in immediate neuronal and glial cell loss, in addition to associated neurological deficits (1) . In recent years, neural stem cells (NSCs) have been used as a novel approach in the treatment of certain neurodegenerative disorders, as well as in the management of central neural system injuries (2) . NSCs are able to self-renew and to differentiate into mature neuronal and glial cell types, and thereby have become a potential target for cell transplantation therapy following injury (3) . A previous study showed that transplanted NSCs could significantly improve neurological function following TBI (4) , suggesting NSC transplantation is a potential treatment strategy for TBI. However, the success of this approach has been limited, largely due to the complexity of the injury microenvironment (5) .
TBI results in both primary and secondary injury to the brain (6) . The primary injury leads to direct neural cell loss and necrotic cell death, while the secondary injury involves neuronal cell death following TBI, which exacerbates the damage from the primary injury (7) . Oxidative stress, characterized by excessively produced reactive oxygen species (ROS), is one of the events that occurs subsequent to TBI that contributes to secondary neuronal cell death (8) . After TBI, the increased level of cellular damage to cellular macromolecules caused by ROS, including that to proteins, DNA and membrane phospholipids, leads to lipoperoxidation of the cell membrane, resulting in the dysfunction of numerous structures and organelles, such as mitochondria. This then results in apoptotic cell death of neurons (9, 10) . In the nervous system, superoxide dismutases (SODs) are important antioxidant enzymes involved in superoxide detoxification in normal cellular metabolism and after cell injury (11) . Therefore, overexpression of SODs may improve the efficacy of the transplantation of NSCs in the treatment of TBI.
SOD1 is a specific antioxidant enzyme that is able to counteract superoxide anions. Transplantation of NSCs that overexpress SOD1 prolongs the survival of these grafted cells and enhances functional recovery in animal models of ischemic stroke and intracerebral hemorrhage (12, 13) . PEP-1, a 21-residue peptide, has been used as a carrier for the Recombinant PEP-1-SOD1 improves functional recovery after neural stem cell transplantation in rats with traumatic brain injury delivery of biologically active molecules, such as SOD1, into cells (14, 15) . PEP-1-SOD1 has been demonstrated to protect neurons from ROS once delivered to the site of the injury, and also to improve functional recovery after stroke or spinal cord injury (14, 15) . The aforementioned studies suggest that PEP-1-SOD1 may also be a potential therapeutic agent for the treatment of TBI. Therefore, in the present study, the effect of the transplantation of NSCs in combination with PEP-1-SOD1 was investigated for the treatment of experimental TBI in rats, and the underlying mechanisms were assessed.
Materials and methods
Isolation and culture of NSCs. Brain tissue was isolated from embryonic 14-day-old fetal Sprague-Dawley (SD) rats as described in a previous study (16) . The SD rats were purchased from the Experimental Animal Center of The Third People's Hospital of Changzhou (Changzhou, China). The rats were maintained in cages with free access to water and food, at a temperature of 25±2˚C and humidity of 50±5%, with a 12 h light/dark cycle. The pia mater and choroid plexus were peeled off. The brain tissue was then cut into ~1-mm 3 sections. DMEM/F12 medium (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) was added to the shredded tissue and incubated for 10 min at room temperature. Gentle pipetting was used to generate a single cell suspension. The suspension was centrifuged for 10 min at 1,200 x g, resuspended with culture medium supplemented with 2% B27, 20 ng/ml basic fibroblast growth factor and 20 ng/ml epidermal growth factor (all PeproTech, Inc., Rocky Hill, NJ, USA) and then seeded in 25-cm 2 T-flasks. Cells were maintained at 37˚C in a humidified atmosphere with 5% CO 2 . The experiments were approved by the Ethics Committee of the Third People's Hospital of Changzhou.
Expression and purification of PEP-1-SOD1 fusion protein.
Construction of the PEP-1-SOD1 expression vector, expression of PEP-1-SOD1 in E. coli, and purification of the expressed fusion protein were performed according to a method described previously (15) . Briefly, to produce the PEP-1-SOD1 fusion protein, the plasmid pET15b-PEP-1-SOD1 was transformed into E. coli and grown in 100 ml Luria-Bertani medium (cat. no. 28200; Newborn Co. Ltd., Shenzhen, China) at 37˚C to an optimal density (which was examined in the following experiments). Harvested cells were lysed by sonication at 4˚C and cell extracts were centrifuged at 15,000 x g for 10 min at 4˚C. The fusion protein was purified using an ProteoPrep Top 20 protein affinity column (Sigma-Aldrich; Merck Millipore, Darmstadt, Germany) according to the manufacturer's instructions. The protein concentration was determined by the BAC method using bovine serum albumin (cat. no. NIST927E; Sigma-Aldrich; Merck Millipore) as a standard.
MTT assay. The in vitro biological activity of PEP-1-SOD fusion proteins in NSCs was assessed by measuring the viability of NSCs. The cells were seeded into 96-well plates at a density of 1x10 5 /ml. The cells were pretreated with 0, 0.5, 2.5 and 4.5 µM PEP-1-SOD for 24, 48 or 72 h. Subsequently, an MTT assay was performed according to a previously described method (17, 18) .
Immunocytochemical analysis. To investigate the differentiation of the NSCs, immunocytochemistry was performed according to a previous method (19) . In brief, cells were fixed with 4% paraformaldehyde. After washing with phosphate-buffered saline, NSCs were processed for immunohistochemical staining using cell-specific markers of differentiation via the detection of receptor interacting protein (RIP), neural nuclear antigen (NeuN) and glial fibrillary acidic protein (GFAP), using rabbit anti-rat RIP polyclonal antibody (cat. no. ab106393), rabbit anti-rat NeuN polyclonal antibody (cat. no. ab104225) and rabbit anti-rat GFAP polyclonal antibody (cat. no. ab7260), respectively (all 1:200; Abcam, Cambridge, UK). Lastly, the reaction was developed using 3,3'-diaminobenzidine (cat. no. D8001; Sigma-Aldrich; Merck Millipore), which resulted in brown-yellow staining. The cells were observed under a light microscope (BX51; Olympus, Tokyo, Japan).
Establishment of the TBI model. Male SD rats (n=80; age, 2-3 months; weight, 250±10 g) were purchased from Beijing HFK Bioscience Co. Ltd. (Beijing, China). The rats were housed with a 12 h dark/light cycle and were allowed free access to food and water. All the animals used in the study received humane care.
The TBI model was established according to a previously described method (20) . Briefly, the rats were anesthetized with 7% chloral hydrate (Sigma-Aldrich; Merck Millipore) at a dose of 5 ml/kg by intraperitoneal (i.p.) injection. The rectal temperature was maintained within the range of 37±0.5˚C with a heating pad. A right parietal craniotomy (diameter, 5 mm) was conducted with a drill under aseptic conditions. The center of the craniotomy was 2 mm anterior to the lambdoid suture and 2 mm lateral to the skull midline. A contusion was produced by allowing a counterweight weighing 30 g to drop onto a piston resting on the dura from a height of 15 cm through a guide tube. After this trauma, the rats were returned to their cages, and the room temperature was maintained at 25±0.5˚C.
Treatment groups. At 24 h post trauma, the rats were randomly assigned into four groups as follows: i) Saline group, ii) NSCs group, iii) PEP-1-SOD1 group, and iv) NSCs + PEP-1-SOD1 group, with 20 animals in each group. The rats were anesthetized and the craniotomy was performed again. The rats were then treated with the NSC suspension or recombinant PEP-1-SOD1 as follows: i) Saline group, received 0.1 ml saline injected at the injury site; ii) NSCs group, treated with 0.1 ml NSC suspension (2x10 7 /ml) injected at the site of injury; iii) PEP-1-SOD1 group, treated with 200 µg PEP-1-SOD1 by i.p. injection; iv) NSCs + PEP-1-SOD1 group, treated with a 0.1 ml NSC suspension (2x10 7 /ml) injected at the site of injury and 200 µg PEP-1-SOD1 by i.p. injection. The neurological function of the rats was assessed at designated times (days 1, 3, 7, 14, 21 and 28 after TBI). Four days post-TBI, 6 rats in each group were anesthetized with 7% chloral hydrate (Sigma-Aldrich; Merck Millipore; 5 ml/kg, i.p.) and sacrificed by decapitation. The brain tissues were then isolated and frozen immediately in liquid nitrogen in preparation for the subsequent analyses.
Neurological function analysis (Bederson score).
The first assessment was performed 30 min prior to treatment administration to verify the establishment of TBI. Any rat not displaying a score of ≥2 was eliminated from the study.
The neurological function of each rat was carefully evaluated by members in a laboratory at the Department of Pathology, who were blinded to the group information using a modified Bederson score (21, 22) as follows: 0, no apparent neurological deficits; 1, offside forelimb flexion; 2, weakness of the offside forelimb gripping strength when holding the tail; 3, circling to the left when holding the tail; 4, circling to the left when moving freely.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Approximately 50-100 mg brain tissue was homogenized in 1 ml TRIzol reagent, and then centrifuged at 12,000 x g for 10 min at 4˚C. The supernatant was collected and total RNA was extracted. The RNA concentration was then measured and the purity was confirmed. Treatment with DNase (Invitrogen Life Technologies; Thermo Fisher Scientific, Inc.) was conducted prior to the RT reaction. A SuperScript III reverse transcription kit (cat. no. 18080093; Invitrogen Life Technologies; Thermo Fisher Scientific, Inc.) was used to convert RNA into cDNA at 4˚C, and then qPCR was performed using SYBR-Green I dye (cat. no. Western blot analysis. The tissues were lysed utilizing RIPA buffer (1 ml/100 mg) at 0˚C, and centrifuged at a speed of 12,000 x g for 10 min. The total protein concentration was determined using a BCA assay kit (cat. no. 23227; Pierce Biotechnology, Rockford, Illinois, USA) according to the instructions of the manufacturer. The total protein (40 µg) was loaded for 15% SDS-PAGE electrophoresis, and then the proteins were transferred to PVDF membranes. The PVDF membranes were blocked with 5% non-fat dry milk at 37˚C for 1 h, and then incubated with anti-rat AQP4 (cat. no. ab156924; 1:2,000; Abcam) or anti-rat β-actin (cat. no. ab8227; 1:2,000; Abcam) antibody at 4˚C for 12 h. Finally, the membranes were incubated with HRP-labeled goat anti-mouse IgG antibody (cat. no. ab6789; 1:1,000; Abcam) at 37˚C for 1 h. The immunoreactivity of the bands was detected using an enhanced chemiluminescence reagent (ECL; Amersham, Piscataway, New Jersey, USA) on X-ray film. The densities of AQP4 and β-actin were quantified using a Gel Image Analysis System (Labworks 4.6; UVP LLC, Upland, CA, USA). The relative AQP4 expression was normalized to those of β-actin.
Immunocytochemistry assay. The cells were fixed using 4% paraformaldehyde for 24 h. The endogenous peroxidase in the cells was inactivated by incubation with 3% hydrogen peroxide, and slices were blocked using 5% BSA for 20 min. The slices were incubated with rabbit anti-rat nestin polyclonal antibody (cat. no. ab93157; 1:2,000; Abcam) at 4˚C overnight. The slices were then incubated with goat anti-rabbit peroxidase-conjugated IgG (cat. no. ab205718; 1:500; Abcam) at 25˚C for 1 h. Finally, the slices were immersed in alkaline phosphatase-labeled diaminobenzidine (DAB; ZSGB Bio Co., Ltd., Beijing, China). Finally, the images were analyzed utilizing a Medical Image Analysis system (HMIAS22000; Wuhan Champion Image Technology Co., Ltd., Wuhan, China).
Statistical analysis.
All results are expressed as the means ± standard deviation. SPSS statistical software for windows (version 17.0; SPSS, Inc., Chicago, IL, USA) was used to analyze the data. One-way analysis of variance was performed for multiple comparisons followed by Fisher's least significant difference post-hoc comparisons. P<0.05 was considered to indicate a statistically significant difference.
Results

Isolation and identification of NSCs.
Fetal rat central NSCs were isolated from the fetuses of rats on day 15 (Fig. 1A) . The expression of nestin was detected by immunocytochemistry. As shown in Fig. 1B , positive nestin expression was observed in the isolated cells.
PEP-1-SOD1 promotes the proliferation and differentiation of NSCs in vitro.
The effect of recombinant PEP-1-SOD1 protein on the proliferation of primary cultured rat NSCs was evaluated by MTT assay. PEP-1-SOD1 (0.5, 2.5 and 4.5 µM) significantly increased the proliferation rates of NSCs compared with the control group at 24, 48 and 72 h in a dose-dependent manner (P<0.01; Fig. 2 ). Among the three time points, treatment with PEP-1-SOD1 induced the highest proliferation rate at 48 h.
In order to determine whether PEP-1-SOD1 was able to promote the differentiation of NSCs, the expression of RIP, NeuN and GFAP was detected by immunocytochemistry. As shown in Fig. 3 , untreated cells showed a low rate of differentiation. Exposure to PEP-1-SOD1 resulted in an increase in the expression levels of RIP, NeuN and GFAP.
PEP-1-SOD1 improves the effect of NSCs transplantation on neurological recovery after TBI.
Neurological functions of rats with TBI were evaluated on days 1, 3, 7, 14, 21 and 28 after treatment (Fig. 4) . The Bederson score system reflects the neurological functions of rats following TBI and was used to assess post-traumatic neurological impairment. The functional recovery of rats in all groups began 3 days post-TBI and was observed to gradually improve at the subsequent time points. The Bederson score was decreased in the NSCs, PEP-1-SOD1 and NSCs + PEP-1-SOD1 groups on day 3 following TBI, although no significant difference was observed determined between these groups and saline group. At day 7 post-TBI, rats treated with NSCs + PEP-1-SOD1 showed a significantly lower Bederson score compared with rats treated with saline (P<0.05; Fig. 4 ). The Bederson scores for the NSCs + PEP-1-SOD1 group were significantly decreased on days 21 and 28 after TBI, compared with those in the saline and NSCs groups (P<0.01; Fig. 4) , suggesting that PEP-1-SOD1 improved the effect of NSC transplantation in the treatment of TBI.
PEP-1-SOD1 enhanced the effect of NSC transplantation on brain aquaporin-4 expression.
AQP4 serves an important role in the formation of brain edema. Therefore, the effect of PEP-1-SOD1 in combination with NSCs on the expression of AQP4 in the brains of rats was determined (Fig. 5) . Both PEP-1-SOD1 and NSCs transplantation significantly elevated the AQP4 mRNA and protein expression levels compared with those in saline-treated rats. In the NSCs + PEP-1-SOD1 group, the mRNA and protein expression levels of AQP4 were further increased compared with those in the PEP-1-SOD1 and NSCs groups (P<0.01; Fig. 5 ).
Discussion
The data of the present study indicated that recombinant PEP-1-SOD1 was able to promote the proliferation and differentiation of NSCs. Subsequently, the effect of PEP-1-SOD1 in combination with NSCs in rat models of TBI was investigated. PEP-1-SOD1 + NSC transplantation accelerated the functional recovery of neurological functions following TBI. Further experiments showed that PEP-1-SOD1 in combination with NSCs transplantation led to further increase in the mRNA and protein expression levels of AQP4.
The proliferation and differentiation of NSCs are key factors for NSC transplantation (24) . It has been shown that chronic and acute oxidative stress may inhibit the proliferation of NSCs and the attenuation of oxidative damage may preserve the proliferation of NSCs (25) . Therefore, SOD1 may serve an important role in protecting the proliferation of NSCs against oxidative damage. Thus, the current study determined the effect of recombinant PEP-1-SOD1 protein on the proliferation and differentiation of rat NSCs. The current data showed that treatment with three concentrations of PEP-1-SOD1 for 24, 48 and 72 h increased the proliferation of stem cells. PEP-1-SOD1 also promoted the expression of RIP, NEUN and GFAP in stem cell-derived neurons, suggesting that PEP-1-SOD1 is able to promote the differentiation of NSCs.
The Bederson score has been widely used for the assessment of functional recovery in studies concerning brain injury (26, 27) . To obtain further information regarding the rats' recovery, the Bederson score was evaluated by a member of our laboratory, who was blinded to the group information, at 1, 3, 7, 14, 21 and 28 days after treatment. In the present study, the Bederson score was significantly increased in all the groups 24 h after TBI. Thereafter, the Bederson score in all the groups gradually decreased. The Bederson score in the NSCs + PEP-1-SOD1 group was lower compared with that of the control group from 7 days post-TBI. From 21 days post TBI, the Bederson score in the NSCs + PEP-1-SOD1 group was lower compared with that of the NSCs group. Cho et al (14) demonstrated that PEP-1-SOD1 treatment in ischemic animals displayed a neuroprotective effect in the ischemic hippocampus for an extended duration. In an intracerebral hemorrhage (ICH) mouse model, overexpression of SOD1 protected the grafted NSCs by decreasing the production of ROS (13) . In addition, SOD1 overexpression resulted in progressive improvement in the behavioral recovery of mouse models of ICH (13) . The current study suggests that PEP-1-SOD1 is able to promote the proliferation and differentiation of NSCs, and thereby facilitate the functional recovery of rats with TBI when administered in combination with NSC transplantation.
Brain edema is one of the hallmarks of TBI (28) . AQP4, which is the water channel protein and the most abundant aquaporin in the brain, has been shown to have a dual role in the formation and resolution of edema after TBI (29). The formation of brain edema is due to the disruption of the blood-brain barrier and the entrance of water due to the AQP4 protein (30) . The mRNA and protein expression levels of AQP4 increase rapidly following TBI (31) . In the early stages post-TBI, inhibition of AQP4 has positive effects in the prevention of edema formation (32, 33) . AQP4 knockout in rats has been shown to exert a neuroprotective effect and improve functional recovery after TBI (34) . However, in the late stages following TBI (a few days after the injury), AQP4 is important for the clearance of water from the brain to the blood vessels (35) . Consistent with the results of a previous study (36) , a significant increase in AQP4 was observed 4 days post-TBI in the PEP-1-SOD1, NSCs and PEP-1-SOD1 + NSCs groups compared with the control group. The PEP-1-SOD1 + NSCs group showed a further increase of AQP4 mRNA and protein expression levels compared with the NSCs + PEP-1-SOD1 group, suggesting that SOD1 may improve the effect of NSC transplantation on the functional recovery of TBI rats through upregulating AQP4 expression.
Although this study generated some notable results, there were also a few limitations. Firstly, the animal model used is limited, which may affect the precision of the results. Secondary, the mechanism underlying the effect of PEP-1-SOD1 on the functional recovery following neural stem cell transplantation in rats has not been fully clarified. Thirdly, other factors associated with the potential neuroprotective effect on functional recovery have not been investigated. In future studies, a larger number of animals may be used to investigate the effects of PEP-1-SOD-1 or other factors on functional recovery. Furthermore, the specific mechanism responsible for the effects of PEP-1-SOD-1 on the functional recovery also merit investigation in a further study.
In conclusion, SOD1 may promote the proliferation and differentiation of NSCs and thereby improve the functional recovery of TBI rats following NSC transplantation. SOD1 also further increased the expression levels of AQP4 after NSCs transplantation to facilitate the efflux of water into the blood, and subsequently accelerate the regression of brain edema. The current data indicates that recombinant SOD1 in combination with NSC transplantation is a promising potential therapy for TBI.
